A B S T R A C T Hyaluronic acid (HA) stimulated the function ofpolymorphonuclear leukocytes (PMN) 
INTRODUCTION
An optimal function of the polymorphonuclear leukocytes (PMN)1 is essential for host resistance to bacterial infections. Therefore much effort has been spent in the search for agents that could enhance the PMN function and correct defects found in many patients with extreme infection propensity. The idea that hyaluronic acid (HA) might be such an agent has occurred from our experimental studies of this glucosamino-298 glycan and its biological actions on cells of the lymphomyeloid system.
In a recent report (1) we were able to demonstrate a stimulatory effect of HA on PMN phagocytic function. This stimulation was achieved with a co-opsonic effect of HA, as HA increased the phagocytic rate of serumopsonized immunoglobulin (Ig)G-coated particles by a mechanism directed against the serum opsonins on the particles. The concentration of HA (1-10 mg/liter) that was needed to obtain this activity, however, greatly exceeded the supposed concentration of native HA in the circulation (2) . In the present report we have extended our investigation of the effect of HA on PMN function and describe a stimulatory effect of HA achieved by a completely different mechanism and at concentrations likely to be found in the circulation. The in vitro findings suggested possible therapeutic effects of HA as a regulator of resistance to infections. As will be shown, in vivo trials on normals and patients with increased infection-propensity and defective neutrophil function, have supported this suggestion.
METHODS
Patients. The patient group consisted of 10 patients with impaired host resistance defined as extreme propensity for bacterial infections and impaired phagocytic activity of their PMN (i.e., a phagocytic rate < 0.45 min-', as measured with IgG-coated latex particles [3] ). Seven of the patients were heat bum patients. Three patients had had repeated pulmonary and septic bacterial infections during the last years.
Isolation of PMN. PMN were isolated from heparinized venous blood (Venoject, Terumo Corporation, Tokyo, Japan). Heparinized blood was mixed with an equal volume ofdextran solution (20 Phagocytosis was measured kinetically using an electronic particle counter (4). The modified assay was performed in Ringerdex solution with glucose (6.9 mmol/liter). The particles (polyvinyl-toluene latex, volume; 4.38 x 10-15 liter, Coulter Electronics Ltd., Dunstable, England) were coated with human IgG as previously described (2) . Such IgG-coated particles were also incubated in 20% fresh normal human serum at 37°C for 10 min. The serum was washed away by two subsequent washes in assay buffer. To such particles, which were called seruin-opsonized particles, the complement components C3 and C4 were bound (1). The initial rate of phagocytic uptake was calculated as previously described (3, 4) and expressed in minutes-'. The coefficient of intraday variation of the assay was 8%, and ofthe intra-and interday variation, 14%.
In some experiments phagocytosis of IgG-coated latex particles by nonisolated granulocytes was morphologically assessed. 0.2 ml of fresh, heparinized venous blood Wcas incubated during constant rotation for 60 min at 37°C with 0.2 ml of IgG-coated latex particles diluted in Ringerdex. The approximate particle:granulocyte ratio was 10: 1. Smears of cellparticle incubates were prepared and stained with Giemsa (Merck Sharp and Dohme AG, Darmstadt, West Germanx) and examined by light microscopy. The number of PMN containing 0, 1-10, or >10 particles/cell Wcas calculated. Randomn migration and chemotaxis. Migration of PMN wats assayed by means ofthe leading-front techni(lue (6) , using a modified Boydlen chamuber (7) . The microfilters (Millipore Corp., Molsheim, France) used had a pore size of3 ,um and were -150 p.n thick. Casein (Merck Sharp and Dohme AG) at a concentration of 1 Further details of the measuremnents are presentecl elsewhere (8) . The results presented are the maximum chemiluminescent responses obtained during the phagocytosis.
The intracellular content of ATP in isolated PMN at rest was measured by means of the luciferin-luciferase system, using a Lumac cell tester (8) .
HA. The sodium salt of HA prepared from rooster comb was used. The sterile, pyrogen-free solution (as tested by rabbit pyrogen test and limulus lysate assay) of HA ofMr (average molecular weight) 2 x 106 or 0.2 x 106 was obtained from Pharmacia Fine Chemicals.
In vitro effect ofHA. Blood specimens were obtained from healthy volunteers and patients with impaired host resistance. HA was added to heparinized blood to a final concentration of 0.5-1,000 ,tg/liter. After incubation at room temperature for 30 min the PMN were isolated as previously described. The isolated PMN were analyzed for their phagocytic activity, migrating activity, intracellular ATP content, and chemiluminescence.
In vivo effects of HA. Subcutaneous injections of HA (Mr 2 x 106), 0.5-2 ml (10 mg/ml), were given once or repeatedly to volunteers and patients. Heparinized blood was taken from the injected individuals each or every 2nd d and the phagocytic activity, intracellular ATP content, and chemiluminescent production of PMN isolated as above, were tested.
Student's paired t test was used for statistical analyses.
RESULTS
The effect of HA on the initial rate of phagocytosis. The addition of HA (Mr 2 x 106) to heparinized blood of healthy individuals induiced a stimulation of the activity of isolated PMN. The incubation time of HA with whole blood was 30 min since a time dependency was observed with the maximum stimulatory effect after 20-40 mim of preincubation. Altogether, 114 blood specimenis obtained from 13 healthy volunteers were investigated after preincubation with various concentrations of HA (0.5-1,000 ,ug/liter). The HA concentration with the miaximium stimulatory effect averaged 50 gg/liter, varying between different cell populations from 5 to 100 ,tg/liter. The maximum degree of enhancement (P < 0.001) was also individual and varied between 125 and 329 (average, 179)% in relation to incubated controls (100%). Blood specimens of two individuals were examined repeatedly to illustrate the dose-dependent stimulatioin induced by HA (Fig. 1) . The size dependence of the stimulatory effect of HA was tested by incubations mcade with hyaluronidasedigested HA. The stimulatory activity was also obtained with HA of a Mr of 0.2 x 106.
Our kinetic meeasuremnents of phagocytosis were based on an indirect technique and therefore controls were made with light microscopy. After 5 min of incubation, cell smiears were examined as previously described (4 The number ofexperiments (n) and the results of statistical analyses (* = P < 0.05, ** = P < 0.01, *** = P < 0.001) are given in the figure.
To study the effect of HA on the phagocytic function of nonisolated PMN we incubated heparinized blood and IgG particles and assessed the particle uptake after 60 min of incubation. In the blood samples preincubated for 30 min at 22°C with HA at concentrations between 5 and 50 ,ug/liter, a significantly (P < 0.01) increased proportion of PMN had phagocytized >10 particles/cell (Table I ) with a concomitant reduction of cells with 0 or 1-10 particles/cell. This indicates an augmentation of the phagocytic capacity of the PMN population in whole blood.
The effect of HA on PMN adherence. The adherence to nylon wool of PMN in heparinized whole blood was stimulated after preincubation of blood with HA (Fig. 2) . Maximum stimulation was obtained at a HA concentration of 50 ,ug/liter. The average of the maximum stimulation was 175% (P < 0.01) as compared with the incubated controls (100%).
The effect of HA on random migration and chemotaxis. The incubation of heparinized whole blood with HA resulted in a stimulation of both the chemotactic response and the random migration of the later isolated PMN (Fig. 3) . Maximum stimulation of chemotaxis was obtained at a HA concentration of 10 u.g/liter (range 5-50 ,ug/liter) and of random migration at 50 ,ug/liter (range 10-100 ,ug/liter). The maximum stimulation averaged 156% (range 136-213%) for chemotaxis (P < 0.001) and 150% (range 133-200%) for random migration (P < 0.01) as compared with incubated controls (100%).
Isolated granulocytes (1.5 x 109 PMN/liter) were also incubated at 22°C for 30 min in 80% fresh autologous serum containing HA at the same concentrations as tested in the experiments illustrated in Fig. 3 . After the preincubation the PMN were washed once in saline and finally diluted to a cell concentration of 1.5 x 109 PMN/liter. By this procedure and based on six experiments at each HA concentration tested, significant stimulation of random migration and chemotaxis was found at HA concentrations between 5 and 50 ,g/liter.
The maximum stimulation found at 50 ,g/liter was for random migration on average 123+0.5 (SEM) % (P < 0.001) and for chemotaxis 119+6 (SEM) % (P < 0.01) as compared with incubated controls (100%). When corresponding experiments were performed in 10% autologous serum no significant stimulation of random migration or chemotaxis was observed. Subcutaneous administration of HA. Subcutaneous injections of5-10 mg HA were given to healthy subjects (n = 6) and to patients (n = 10) with decreased resistance to bacterial infections and impaired phagocytic activity. Heparinized venous blood was taken from the injected individuals each or every second day and the function of the isolated PMN was tested. The phagocytic rate of PMN measured with IgG-coated latex particles was stimulated in all injected normal subjects. The stimulation was evident 1 d after injection and the duration of stimulation was -1 wk (Fig. 5) . The maximum stimulation was obtained after 2-4 d (Figs. 5 and 6 ). Leukocytosis or fever were not observed after injection. No local reaction was noted at the site of injection. The protuberance after HA-injection lasted for almost 1 wk. On the basis of these results on normals it was of interest to see whether it was possible to enhance neutrophil function in individuals with an increased propensity for bacterial infections. The 10 patients presented here were chosen to illustrate the effect of HA because they, in addition to their infection propensity, had a defective neutrophil function in terms of phagocytic rate of IgG-coated particles. The neutrophils of all individuals responded by increased rates of phagocytosis of both IgG-and serum-opsonized particles (Fig. 6 ). Serial determinations of one patient are presented in Fig. 7 . Peak phagocytic activities were seen 2-6 d after injection. An increased intracellular content of ATP and enhanced chemiluminescence of isolated PMN were also found after HA injections (Fig. 8) .
DISCUSSION
Until very recently the specific effects of HA on lymphomyeloid cells only concerned inhibitory biological activities (9) (10) (11) . However, the concentrations that were used were -1,000-10,000 times higher than those used in this investigation. It was also possible to demonstrate an inhibition ofthe phagocytic activity of PMN at these high HA concentrations. (0) determinations of neutrophil function in the same patients before HA administration and by follow-up of other patients with bums. 2 The stimulatory effects of HA in vitro and the effects in vivo obtained after injection may reflect indentical mechanisms. The fate of HA after subcutaneous injection is obscure but we postulate that HA enters the circulation at a slow rate because the stimulation of the PMN remained for almost 7 d after injection. No turnover studies of HA after subcutaneous administration have yet been done. However, the remaining of a noninflamed protuberance at the site of injection for about 1 wk supports the suggestion of a slow release of HA. Based on the assumption that HA is constantly released to the circulation this means that after injection of 10-20 mg HA s.c. -2 mg of HA may enter the circulation every 24 h resulting in a contribution to the plasma levels of 250-500 ug/liter. In spite of our lack of knowledge of the turnover rate of HA in the circulation this rough estimation gives us an idea of the order of magnitude at which HA may appear in the circulation after subcutaneous administration. Our in vitro results with optimal stimulatory HA concen-
